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Architecture of NarGH Reveals a Structural
Classification of Mo-bisMGD Enzymes
to UQH2-dependent quinol reductases such as succi-
nate dehydrogenase (Jormakka et al., 2003).
Nar belongs to the dimethylsulfoxide (DMSO) reduc-
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and Biology ties (Kisker et al., 1997). The Mo ion can also be coordi-
nated by cysteine (Cys), serine (Ser), or selenocysteineSchool of Biological Sciences
University of East Anglia (SeCys) residues and a variable number of oxo, hydroxo,
or water ligands (Schindelin et al., 1996; Schneider etNorwich, NR4 7TJ
United Kingdom al., 1996; Boyington et al., 1997; McAlpine et al., 1998;
Dias et al., 1999; Jormakka et al., 2002a; Ellis et al.,
2001; Raaijmakers et al., 2002). Nar from Escherichia coli
is a heterotrimeric enzyme, comprising a Mo-bisMGDSummary
containing catalytic subunit (NarG, 140 kDa), an iron-
sulfur (FeS) containing subunit (NarH, 58 kDa), and aThe structure of the catalytic and electron-transfer
subunits (NarGH) of the integral membrane protein, quinol-oxidizing, membrane-bound heme b subunit
(NarI, 20 kDa) (Chaudhry and MacGregor, 1983). NarGHrespiratory nitrate reductase (Nar) has been deter-
mined to 2.0 A˚ resolution revealing the molecular ar- is situated in the cytoplasm, anchored to the cyto-
plasmic membrane by quinol-oxidising NarI (Ballard andchitecture of this Mo-bisMGD (molybdopterin-gua-
nine-dinucleotide) containing enzyme which includes Ferguson, 1988). The NarGH complex retains its nitrate
reductase activity when liberated from the membranea previously undetected FeS cluster. Nar, together with
the related enzyme formate dehydrogenase (Fdh-N), is and has proved highly informative in biochemical analy-
ses (Craske and Ferguson, 1986; Ballard and Ferguson,a key enzyme in the generation of proton motive force
across the membrane in Escherichia coli nitrate res- 1988; Berks et al., 1995; Guigliarelli et al., 1996). Although
a considerable amount of research has focused on thepiration. A comparative study revealed that Nar and
Fdh-N employ different approaches for acquiring sub- biochemistry of Nar, a number of questions remain
unanswered. In particular, the existence of a FeS clusterstrate, reflecting different catalytic mechanisms. Nar
uses a very narrow and nonpolar substrate-conduct- in NarG has been debated (Berks et al., 1995; Guigliarelli
et al., 1996; Magalon et al., 1998; Blasco et al., 2001).ing cavity with a nonspecific substrate binding site,
whereas Fdh-N accommodates a wider, positively Also, although intensively studied by electron paramag-
netic resonance (EPR), extended X-ray absorption finecharged substrate-conducting cavity with a more spe-
cific substrate binding site. The Nar structure also structure, and magnetic circular dichroism, the coordi-
nation of the Mo ion in Nar has remained elusive.demonstrates the first example of an Asp side chain
acting as a Mo ligand providing a structural basis for Here we report the crystal structure of the NarGH
heterodimer from E. coli at 2.0 A˚ resolution. The structurethe classification of Mo-bisMGD enzymes.
reveals the presence of a [4Fe-4S] center within NarG,
previously undetected by EPR (Guigliarelli et al., 1996;Introduction
Magalon et al., 1998), coordinated by three Cys and
one histidine (His) ligands. The structure also shows theThe electrogenic membrane-bound respiratory quinol-
dependent nitrate reductase (Nar) is found in many bac- coordination of the Mo ion, which includes an aspartate
(Asp) ligand.teria and archaea (Richardson et al., 2001) and catalyses
the reaction
NO3  2e  2H ⇒ NO2  H2O (E0  Results and Discussion
420mV). (1)
Overall Structure and Arrangement of Cofactors
Nar is electrogenic (q/e  1) and frequently operates NarGH has dimensions of 100 A˚ in the direction along the
in conjunction with the electrogenic formate dehydroge- electron transfer chain, and 80 A˚ along the perpendicular
nase-N (Fdh-N) in a two-component respiratory chain axis (Figure 1A) and is significantly larger than the equiv-
redox loop (q/e  2) to generate a protonmotive force alent subunits of the related protein Fdh-N (Protein Data
across the cytoplasmic membrane. Nar receives elec- Bank [PDB] entry 1KQF). However the core of both en-
trons from the oxidation of formate, via the lipid mobile zymes is similar and the two structures can be superim-
electron carrier menaquinol (MQH2), but can also serve posed with an rms (root mean square) deviation of 2.1 A˚
as a ubiquinol (UQH2) dehydrogenase allowing coupling for 712 C atoms. All redox centers are aligned in a
single chain. The NarGH complex receives electrons
from the oxidation of MQH2 (Eo 75mV) or UQH2*Correspondence: s.iwata@imperial.ac.uk (S.I.), b.byrne@imperial.
ac.uk (B.B.) (Eo 100mV) in the NarI subunit, which are then trans-
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similar to bacterial type II ferredoxins. The subunit con-
sists of a core region (subdomain I residues 1–50 and
244–272, subdomain II residues 184–243), one “linker”
region (residues 51–183), and one C-terminal extension
(residues 273–465; Figure 2). The core region coordi-
nates one [3Fe-4S] and three [4Fe-4S] clusters, in a
pattern previously predicted by mutational analysis
(Guigliarelli et al., 1996).
The redox potentials of the FeS centers in NarH has
been determined using EPR as a spectroscopic probe.
The midpoint potential for the [3Fe-4S] cluster (FeS-3) has
been measured as 180mV, and the [4Fe-4S] clusters
as 130mV, 55mV, and 420mV for centers 1, 2, and
4 respectively (Magalon et al., 1998; Rothery et al., 1998).
As predicted (Guigliarelli et al., 1996), the structure re-
veals that the clusters are arranged in two pairs, or
subdomains, each with one low- and one high-potential
cluster (FeS-3/FeS-2 and FeS-4/FeS-1) (Figure 2). Due
to the endergonic barrier, it has been suggested that
low-potential clusters might not be involved in electron
transfer or that there could be multiple pathways for
electrons through the NarH subunit (Guigliarelli et al.,
1996). The structure, however, illustrates that the FeS
clusters are aligned in a single chain, and that skipping
any FeS cluster would increase the electron transfer
distance above 15 A˚ and thus be unfavorable for electron
transfer. A similar arrangement of high- and low-poten-
tial centers is seen in a number of other oxidoreductases
and it has been suggested that endergonic electron
transfer between these may be a normal part of physio-
logical electron transfer chains (Page et al., 1999). How-
ever, based on the published redox potentials and dis-
tances measured from the crystal structure, electron
transfer rate from FeS-2 (55mV) to FeS-4 (420mV) is
calculated to ca. 2es1 (Page et al., 1999), far slower
than the physiological turnover of Nar (ca. 100e s1).
This strongly suggests that the redox potentials of the
FeS clusters vary during electron transfer to levels which
Figure 1. Overall Structure of NarGH would allow efficient electron transfer. Intermolecular
(A) The catalytic NarG subunit is shown in gold, while the ferredoxin redox cooperativity may play a role in this potential mod-
like NarH subunit is illustrated in blue. The Mo ion and bisMGD ulation (Guigliarelli et al., 1992).cofactors are shown in pink and green respectively. The five iron-
The “linker” region of NarH is inserted between the twosulfur clusters are shown in yellow (sulfur) and red (iron).
subdomains involved in FeS coordination, and forms(B) Redox potentials and edge-to-edge (center-to-center) distances.
All figures were made with MOLSCRIPT (Kraulis, 1991) and BOB- an extensive connecting region between the NarG and
SCRIPT (Esnouf, 1997) and RASTER3D (Merritt and Murphy, 1994). NarH subunits. The C-terminal extension forms a large,
irregular domain with low sequence homology among
ferred through the enzyme to the nitrate reduction site NarH proteins from different organisms. One possible
in NarG. Electrons are likely to be transferred from the function for this domain could be in mediating contact
NarI subunit to the [3Fe-4S] cluster (FeS-3) in the NarH between monomers in an oligomeric state.
subunit as suggested by mutational studies (Rothery et
al., 2001). Electrons are then transferred through the
NarG Subunitthree [4Fe-4S] clusters in NarH, and then to the active
Several structures from the DMSO reductase familysite Mo-bisMGD via the [4Fe-4S] cluster in the catalytic
have emerged during the last few years, includingNarG subunit, designated FeS-0. The edge-to-edge dis-
periplasmic nitrate reductase (Nap) (Dias et al., 1999),tances between the redox centers are in the range of
DMSO reductase from Rhodobacter sphaeriodes7.3 A˚ (FeS-0 to MGDQ) and 11.5 A˚ (FeS-1 to FeS-0),
(Schindelin et al., 1996) and R. capsulatus (Schneider etwell within the observed limit of 14 A˚ for physiological
al., 1996; McAlpine et al., 1998), arsenite oxidase (Elliselectron transfer between redox centers (Figure 1B)
et al., 2001) and the formate dehydrogenases Fdh-H(Page et al., 1999).
(Boyington et al., 1997) and Fdh-N (Jormakka et al.,
2002a) from E. coli, and Fdh-H from Desulfovibrio gigasNarH Subunit
(Raaijmakers et al., 2002). The structures exhibit a commonNarH (465 residues) has a fold similar to the correspond-
ing subunit of Fdh-N (FdnH) and contains two motifs architecture of the catalytic subunit, with the active site
Structure of Respiratory Nitrate Reductase
97
Figure 2. Stereo Representation of NarH
(A) Subdomains I and II are shown in red and gold respectively; the linker domain in blue and the extended C-terminal domain in green. The
approximate position of the membrane is indicated by a dotted line.
(B) A C trace of NarH with colors as in (A). Every tenth residue is numbered.
situated in a cleft formed between two / sandwiches. a highly conserved arginine residue (ArgA94) is located
in close proximity to the FeS-0 and could also act toThe NarG subunit has an overall structure bearing the
same structural characteristics but is considerably increase the redox potential of the cluster. Mutation of
the equivalent Arg to Ser in DmsA from E. coli impairslarger than that of any previously solved Mo-bisMGD
containing enzymes. electron transfer between DmsB and DmsA (Trieber et
al., 1996). The Arg residue is not in the direct electronThe NarG subunit can be divided into five domains
(I–V; Figure 3). Domain I (residues 29–110 and 789–814) transfer pathway observed in the Nar structure, sug-
gesting that its effect on electron transfer is in modulat-coordinates a [4Fe-4S] cluster, designated FeS-0. The
cluster is ligated by three Cys side chains (CysA53, CysA57, ing the environment of the FeS-0 cluster.
FeS coordination by His ligands has been suggestedand CysA92) and by HisA49 N. His coordination of FeS
clusters has previously been observed for the [2Fe-2S] to increase the redox potential due to the high electro-
negativity of the residue (Iwata et al., 1996). The cluster is“Rieske” protein from bovine heart (Iwata et al., 1996), as
well as a [4Fe-4S] cluster in the nickel-iron hydrogenase in a polar environment surrounded by several assigned
water molecules, which is also favorable for high-redoxfrom Desulfovibrio gigas (Volbeda et al., 1995). The coor-
dination pattern for the FeS-0 cluster, HxxxCxxC(x)nC, potential centers (Link et al., 1996). These data strongly
suggest that the FeS-0 should be a high-potential clus-differs from the pattern CxxCxxC(x)nC, which has been
observed in the structures of formate dehydrogenases, ter. If it is also a high-spin center, this could explain why
it has gone undetected in studies aimed at characteriz-Nap, and cytoplasmic assimilatory nitrate reductases
(Nas). ing the four low-spin NarH FeS centers (Magalon et al.
1998).The FeS-0 ligands HisA49, CysA53, and CysA57 are situ-
ated on a highly conserved loop at the FeS-0 cluster Domain II (residues 111–221, 699–788, 815–845, and
944–959) and III (residues 222–318 and 501–578) of NarGand Mo-bisMGD cofactor interface (Figure 4). This loop
region includes AsnA52, which could be implicated in form / sandwiches with the active site situated in
the bottom of a “cleft” formed by these two domains.substrate binding (see below), and TrpA59, which is hy-
drogen bonded through N to S4 in the FeS cluster and Domain IV (residues 1059–1246) includes, in addition to
a -barrel peripheral to the active site, a cluster of Hismay increase the redox potential of FeS-0. In addition,
Structure
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Figure 3. Stereo View of the Catalytic NarG Subunit
(A) The five domains are shown in blue (domain I), gold (II), green (III), red (IV), and pink (V) respectively. Domain V occupies a large area on
the “top” of the subunit, covering the entrance to the active site (arrow).
(B) A C trace of NarG with every 20th residue labeled. Figure illustrating an “exploded” view with individual domains colored as in (A).
residues (HisA1092, A1098, A1163, A1184) that are highly conserved al., 2002a). Domain V of Fdh-N forms a wider funnel-
like channel with many positively charged amino acids,in all NarGs. These form a hydrogen bond network that
links the solvent interface with AsnA52 and could be im- suggested to have a function in substrate attraction
(substrate [formate] negative, product [CO2] uncharged)portant for structural integrity and/or proton delivery to
the active site. In addition to these domains, a domain (Jormakka et al., 2002a). In contrast, a narrow channel
(length 35 A˚, diameter 6 A˚ at the narrowest point) withV was designated in Fdh-N. This domain (residues 319–
500, 579–698, 846–943, and 960–1052) is also observed negatively charged and hydrophobic residues is found
in the center of Nar domain V, leading down to the activein Nar and shapes a large irregular structure, “capping”
the top of the subunit. The domain is however larger site (Figure 5). The significance of the negative charge
in this region is not clear, but it is possible that the smallin Nar, containing an extra 200 amino acid residues
compared to Fdh-N. Domain V of Nar forms a substrate- size of the channel may have important implications for
Nar substrate specificity, acting as a selective substrateconducting channel as observed in Fdh-N (Jormakka et
Structure of Respiratory Nitrate Reductase
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Figure 4. Close-Up Stereo View of the FeS-0 Cluster Region
Domain I of NarG is colored in blue, with the conserved loop region in orange. Ligands for the FeS-0 are shown, as well as AsnA52, which is
implicated substrate binding. Q-MGD, Mo, and the oxo group are illustrated in green, magenta, and red respectively.
filter that serves to exclude the bulky subunits of some cording to the distance to the Mo atom (1.8 A˚). This
distance agrees with that determined by Mo(VI) EXAFSMo-bisMGD enzymes such as dimethylsulfoxide and tri-
methylamine N-oxide. studies (George et al., 1989).
The Mo(V) form of the enzyme is paramagnetic, and
has been extensively studied by EPR (Bray et al., 1976;The Molybdenum Coordination and Nitrate
Binding Site Vincent and Bray, 1978; Magalon, 1998). Interestingly
the Mo(V) EPR spectrum exhibits a pH-dependent equi-The oxidation state of the Mo ion changes between
Mo(IV), Mo(V), and Mo(VI) during the catalytic cycle. The librium between high-pH and low-pH forms, the latter
possessing a strongly coupled solvent exchangeablereaction catalyzed by Nar is an oxo-transferase reaction,
in which an oxo group on the oxidized Mo(VI) is lost proton not apparent in the high-pH form which exhibits
a weakly coupled proton (Vincent and Bray, 1978; God-as OH/H2O when the cofactor is reduced to Mo(IV).
Crystals of NarGH were grown aerobically and thus the frey et al., 1984; George et al., 1985). The enzyme is
active at low pH with activity controlled by an anion-structure is likely to represent the Mo(VI) state. The Mo
is coordinated by four cis-thiolate groups (sulfur) of the dependent pK of 8 (Vincent and Bray, 1978; George
et al., 1989; Anderson et al., 2001). The crystal structurebisMGD cofactor and a carboxylate oxygen (O) of
AspA222 (Figure 6A). This is the first example of the use presented here is predicted to correspond to the active
low-pH Mo(VI) form and lead upon one electron reduc-of such a ligand for Mo-bisMGD enzymes. The average
distance between the Mo and S atoms is 2.45 A˚, slightly tion to a Mo(V) form with a Asp-O- and HO-Mo ligands
that would be consistent with the low-pH EPR signal.longer than for Fdh-N (2.3 A˚). The Mo atom has a sixth
ligand, which has been assigned as an oxo group ac- In the current structure, AspA222 is hydrogen bonded to
N of the conserved HisA546 residue. It can be speculated
that HisA546 becomes deprotonated in the transition to
the high-pH form. This in turn may cause rotation of the
carboxylate group of AspA222, making it into a bidentate
ligand and thereby blocking NO3 binding. HisA546 may
then be the ionizable residue with pKa of8 that defines
the transition between the high-pH inactive and low-pH
active states.
In the late stages in the preparation of this manuscript,
the E. coli NarGHI structure was published (Bertero et
al., 2003). The structure was concluded to represent the
oxidized Mo(VI) form of the enzyme. Interestingly, the
structure revealed a bidentate AspA222 with Mo-carboxyl-
ate oxygen distances of 1.9 and 2.4 A˚ for Mo-OD1
Figure 5. Surface Model and Electrostatic Potential for FdnG and and Mo-OD2 respectively. This bidentate coordination
NarG and lack of oxo group ligand is in contrast to our struc-
The substrate conducting cavity of (A) Fdh-N and (B) Nar indicated ture, but it could be envisaged to occur on reduction to
by a dotted line. The figure was prepared using the program GRASP a structural equivalent of the high-pH Mo(V) state in
(Honig and Nicholls, 1995). The polar surfaces are colored blue
which there is no strongly coupled proton. Alternatively,(positively charged) and red (negatively charged). The front halves
the two forms could reveal a structural flexibility of theof FdnG and NarG have been removed for clarity. The asterisk indi-
cates the approximate position of the active site. active site in the Mo(VI) state. The question of whether
Structure
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Figure 6. Stereo Representation of the Active Site Region of NarG
(A) View of the Mo site coordination showing refined 2|Fo|-|Fc| electron density map contoured at 1.5 	 (one of the Mo-bisMGD cofactors
(P-MGD) has been removed for clarity; omit map for Mo, oxo, AspA222, and bisMGD). The Mo ion is shown in pink, residues involved in Mo ion
coordination and substrate binding are labeled in black, and the water molecule (oxo group) coordinated to the Mo ion is shown in red.
Bonding network surrounding the Mo ion is illustrated with dotted line.
(B) Ball-and-stick representation of the active site with DMSO reductase-DMSO complex from R. capsulatus (green), superimposed on Nar
(white).
one or both forms are entered during the catalytic cycle tioned earlier be maintained by the narrow substrate-
conducting channel formed by domain V of NarG.now requires further investigation. In addition, the com-
plete NarGHI structure revealed a bicyclic dihydropterin
form of Mo-bisMGD. However, in our structure it is un- Comparison with Other MGD Enzymes—Structural
clear whether the pterin is in the bicyclic or tricyclic Definition of the Type II Group of Mo-bisMGD Enzymes
form. Phylogenetic analysis of Mo-bisMGD enzymes has sug-
Although there is no substrate in the crystal structure, gested that catalytic subunits can be subdivided into
its binding position can be estimated from the structur- three types (McDevitt et al., 2002a; McEwan et al., 2002):
ally related R. capsulatus periplasmic DMSO reductase- type I which normally have a Cys or SeCys Mo ligand,
DMSO complex structure (PDB entry 4DMR) (McAlpine but also include arsenite oxidase in which the Cys ligand
et al., 1998). When superimposed onto NarGH (rms devi- is substituted for alanine (Ellis et al., 2001) (Figure 7);
ation 2.0 A˚ for 487 C atoms), the DMSO molecule is type III which possess a Mo-Ser ligand; and type II which
located between the Mo ion and AsnA52 (Figure 6B). includes the Nar enzymes (see Figure 7). The E. coli NarG
AsnA52 is conserved in all known sequences of Nar en- subunit is the first of the type II group to be structurally
zymes, and the distance to Mo (3.9 A˚) suggests that it characterized, and the finding of a Mo-Asp ligand allows
is suitable for substrate coordination. In contrast to Nap a structural distinction of the type II group based on Mo
and formate dehydrogenases, the structure of the sub- coordination as the “D” group; AspA222 is completely
strate binding site of Nar seems to be relatively nonspe- conserved in all NarG proteins including sequences from
cific, which is consistent with the observed binding of Gram-negative bacteria, Gram-positive bacteria, and
anions such as Cl, F, NO2, ClO4, and BrO4 (George archaea (Figure 7). An Asp residue at this position is
et al., 1985). However, a degree of substrate specificity also conserved in Thauera selenatis selenate reductase
and Azoarcus sp. ethylbenzene dehydrogenase, Rhovu-that excludes bulky organic substrates could as men-
Structure of Respiratory Nitrate Reductase
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Figure 7. Alignments of Metal-Coordinating
Regions of the Polypeptide Chain of Type I,
II, and III Groups of the Mo-bisMGD Enzymes
Asterisks indicate metal coordinating residues.
ArsA, Arsenite oxidase; BisA, biotin sulfoxide
reductase; DdhA, dimethylsulfide dehydro-
genase; DorA, periplasmic DMSO reductase;
DmsA, membrane-bound DMSO reductase;
EbdA, ethylbenzene dehydrogenase; FdhN,
nitrate-inducible formate dehydrogenase;
NapA, periplasmic nitrate reductase; NarG,
membrane-bound nitrate reductase; NarB,
assimilatory nitrate reductase; PcrA, perchlo-
rate reductase; PsrA, polysulfide reductase;
SerA, selenate reductase; TorA, trimethylam-
ine N-oxide reductase; TtrA, tetrathionate re-
ductase; TsrA, thiosulfate reductase. Ar, Arch-
aeglobus fulgidus; Af, Alcaligenes faecalis;
Ap, Aeropyrum pernix; Az, Azoarcus sp.; Da,
Dechloromonas agitate; Dd, Desulfovibrio
desulfuricans; Ec, Escherichia coli; Hi, Haemo-
philus influenzae; Hm, Halobacterium maris-
mortui; Ph, Paracoccus halodenitrificans; Rc;
Rhodobacter capsulatus; Rs, Rhodobacter
sphaeroides; Rs, Rhodovulum sulfidophilus;
Sa, Staphylococcus aureus; St, Salmonella
typhimurium; Sm, Shewanella massilla; Sy;
Synechoccus sp.; Tt, Thermus thermophilus;
Ts, Thauera selenatis; Ws, Wolinella succino-
genes.
lum sulfidophilum dimethylsulfide dehydrogenase, and H/CxxxCxxxC(x)nC (the exception being Azoarcus sp.
EbdA that has a 4
 spacing between Cys-1 and Cys-2).Dechloromonas agitate perchlorate reductase. No other
Cys or Ser residue is conserved in these catalytically This coordination pattern seems to be a signature of
the type II group of Mo-bisMGD enzymes as the spacingdiverse enzymes, making it highly likely that the con-
served Asp is the Mo ligand in these structurally unchar- between the first and second Cys is different in type I
enzymes where two residues invariantly separate Cys-1acterized enzymes. That enzymes catalyze nitrate re-
duction in the type I (Nap) and type II (Nar) group with and Cys-2.
very distinct active sites suggests that this capacity has
evolved separately within the Mo-bisMGD enzymes. The Conclusions
structural definition of the type II group also explains The three-dimensional structure of the NarGH reported
the previously observed similarities between the Mo(V) here unequivocally demonstrates the presence of a FeS
EPR signals of NarG and those of the type III enzymes cluster within the catalytic domain as well as revealing
(Bennett et al., 1994; McDevitt et. al., 2002b) which arises a new coordination pattern for Mo within the active site.
from both having a 4-S, 2-O ligand set in a similar geome- These findings have provided insights into the structural
try. These signals are distinct from those arising from classification of the large Mo-bisMGD containing en-
the type I enzymes with Mo-Cys coordination (Butler et zyme family.
al., 1999; Barber and Siegel, 1983; Prisner et al., 2003)
which have high gav values as a consequence of pos- Experimental Procedures
sessing five or more S ligands in the Mo coordination
Purification and Crystallizationsphere.
NarGHI from E. coli was purified as previously described for Fdh-NThe description of the type II group of Mo-bisMGD
(Jormakka et al., 2002b) with minor modifications. In brief, NarGHIenzymes can be taken beyond the Mo coordination to
was purified by a Q-Sepharose FF (strong anion exchange column)
the coordination of a domain I FeS group. The His/Cys followed by size exclusion chromatography on a 26/60 Superdex-
cluster found in domain I is conserved in all of the pro- 200 column. The protein was further purified by MonoQ (HR10/10)
anion exchange column. In all purification steps, Tris-HCl pH 7.5 wasposed D group members and is in all but one case a
Structure
102
Table 1. Data Collection, Refinement, and Phasing Statistics
Data Collection and Phasing
Data Set Inflection Peak Remote High Resolution
Wavelength (A˚) 1.7416 1.7365 1.4884 0.9393
Resolution (A˚) 40.0–2.8 40.0–2.8 40.0–2.8 40.0–2.0
Total observation 473,595 441,348 401,621 1,060,308
Unique reflections 132,567 131,113 124,188 329,239
Completeness (%)a 98.2 (93.9) 96.3 (90.0) 93.3 (83.8) 88.3 (83.3)
Redundancy 3.6 3.4 3.2 3.2
Rsym (%)a,b 8.1 (19.6) 9.5 (36.0) 8.1 (21.4) 7.7 (38.5)
I/	 16.0 (4.7) 12.6 (2.9) 15.6 (4.4) 12.7 (1.7)
Phasing powerc 0.79 0.83 — —
Refinementd
Data Set High Resolution
Residue range A29–A1246, B1–B465
Number of nonhydrogen atoms 26,877
Number of water molecules 2,456
Resolution (A˚)a 40.0–2.0 (2.09–2.00)
R factor (%)a,e 20.5 (33.5)
Rfree (%)a,f 23.0 (34.8)
Average B values (A˚2)
Polypeptide 31.7
Cofactor 26.0
Water molecules 43.5
Rms deviations from ideal values
Bond length (A˚) 0.006
Improper torsion angles () 0.8
Bonded B’s (A˚2) 1.5
Estimated coordinate error (A˚)
ESD from Luzzati plot 0.26
ESD from 	 0.35
Ramachandran plot (non-Gly, non-Pro residues)
Most favored regions (%) 87.2
Additional allowed regions (%) 11.9
Generously allowed regions (%) 0.8
Disallowed regions (%) 0.2
a Values in parentheses are for the highest resolution shell.
b Rsym  hi|Ii(h)  I(h)|/hi(h), where Ii(h) is the ith measurement.
c Phasing power is the rms value of Fh divided by the rms lack-of-closure error.
d All data were used for the refinement.
e R factor  h||F(h)obs|  |F(h)calc||/h|F(h)|.
f Rfree was calculated for 1% of reflections randomly excluded from the refinement.
used in buffers in the presence of 0.05% n-Dodecyl--D-maltoside. and Minor, 1997) and the CCP4 (CCP4, 1994) program suites. Initial
positions for the FeS clusters were found using the program SnBBefore crystallization trials, detergent was exchanged to 1% n-Octyl-
-D-glucopyranoside (OG). Partial dissociation of the NarGHI com- (Weeks and Miller, 1999). Experimental phases were calculated us-
ing SHARP (de La Fortelle and Bricogne, 1997) to 2.8 A˚ resolutionplex in OG was obtained by incubation at elevated temperature
(20C). Crystals of only NarGH were grown by the hanging drop with overall figure-of-merits of 0.31 (for accentric diffraction) and
0.25 (for centric diffraction). Phases were extended to 2.2 A˚ resolu-vapor-diffusion method. Typically, 1 l of NarGHI (10 mg ml1
protein in 20 mM Tris-HCl, pH 7.5, 1% OG) was mixed with 1 l of tion by the program DM (CCP4, 1994), which included noncrystallo-
graphic symmetry averaging (two molecules in the asymmetric unit).reservoir solution consisting of 9% polyethylene glycol (PEG) 1500,
100 mM MgCl2, 100 mM NaCl, 5% DMSO, and 0.1 M HEPES, pH The program package ARP/wARP (Perrakis et al., 1999) was then
used for automatic tracing and phase extension to 2 A˚ resolution.7.5 and left to equilibrate at 20C. Crystals grew to maximum dimen-
sions of 150
 150
 100m within 72 hr. Crystals intended for X-ray The ARP/wARP assigned 3195 of the 3516 residues in the two NarGH
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